Conformational studies of carboxymethylcellulose in aqueous saline solutions as a  function of ionic strength by Marcera, Donna M.
Rochester Institute of Technology
RIT Scholar Works
Theses Thesis/Dissertation Collections
3-1-1990
Conformational studies of carboxymethylcellulose
in aqueous saline solutions as a function of ionic
strength
Donna M. Marcera
Follow this and additional works at: http://scholarworks.rit.edu/theses
This Thesis is brought to you for free and open access by the Thesis/Dissertation Collections at RIT Scholar Works. It has been accepted for inclusion
in Theses by an authorized administrator of RIT Scholar Works. For more information, please contact ritscholarworks@rit.edu.
Recommended Citation
Marcera, Donna M., "Conformational studies of carboxymethylcellulose in aqueous saline solutions as a function of ionic strength"
(1990). Thesis. Rochester Institute of Technology. Accessed from
CONFORMATIONAL STUDIES OF CARBOXYMETHYLCELLULOSE IN
AQUEOUS SALINE SOLUTIONS AS A FUNCTION OF IONIC
STRENGTH
I Donna M. Marcera hereby grant permission to the Wallace Memorial
Library of the Rochester Institute of Technology to reproduce my
thesis in whole or in part. Any reproduction will not be for
commercial use or profit.
March, 1990
CONFORMATIONAL STUDIES OF CARBOXYMETHYLCELLULOSE IN
AQUEOUS SALINE SOLUTIONS AS A FUNCTION OF IONIC
STRENGTH
DONNA M. MARCERA
MARCH,1990
THESIS
SUBMITTED IN PARTIAL FULFILLMENT OF THE
REQUIREMENTS FOR THE DEGREE OF MASTER OF SCIENCE
APPROVED:
Laura Ellen Tubb~s . _
Project Adviser
Gerald A. Takaer
Department Head
Library
Rochester Institute of Technology
Rochester, New York 14623
Department of Chemistry
TABLE OF CONTENTS
PAGE
ACKNOWLEDGEMENT
LIST OF FIGURES i i
LIST OF TABLES i v
ABSTRACT v
I. INTRODUCTION
II. THEORY
A. Viscometry 2
B. Light Scattering 7
C. Gel Permeation Chromatography 22
III. EXPERIMENTAL DESIGN AND RESULTS 2 6
A. The Effect of Ionic Strength on the Viscosity of
CMC Solutions 26
B. The Variation of Viscosity Due to the Order of
Preparation of Samples 29
C. Equilibrium Viscosity and Autoclaving 35
D. Molecular Weight and Degree of Substitution 40
E Light Scattering for Particle Size Determination 44
F. Gel Permeation Chromatography for Molecular Weight
Determination of CMC Chains and CMC Aggregates 48
G Error Analysis for the Viscosity Measurements. 57
TABLE OF CONTENTS
PAGE
IV. DISCUSSION 60
V. CONCLUSION 78
APPENDIX A 79
APPENDIX B 80
REFERENCES 82
ACKNOWLEDGEMENTS
I would like to thank the following at Rochester Institute of
Technology for their assistance on this project: Harolyn Hood, Eva
Tuczai, and Shirley Keene. A special note of thanks to Dr. Langner for
his patience in teaching me about the physical chemistry of polymers.
I would like to further acknowledge my adviser and friend, Dr.
Laura Tubbs, who gave me the confidence to succeed in the graduate
program. She continued to support me and encourage me throughout
my academic career, and I am sure she will be there throughout my
professional career.
Thanks to Michael Rudy, M.D. for introducing this project to me 4
years ago. It gave me confidence and improved my skills as a
scientist. Mostly, I thank you for allowing Dr. Tubbs and myself to do
this work as a thesis project.
Finally, I would like to thank my family for their patience and
support throughout my education especially during these last three
years.
LIST OF FIGURES
PAGE
Figure 1 - The effect of ionic strength on the viscosity of
CMC solutions. 28
Figure 2 - The viscosity of CMC (9H4XF) added to salt
solutions. 31
Figure 3 - The viscosity of CMC (7HOF) added to salt
solutions. 32
Figure 4 - The viscosity of a solution prepared by adding
salt to a CMC (9H4XF) solution. 3 3
Figure 5 - The viscosity of a solution prepared by adding salt
to a CMC (7HOF) solution. 34
Figure 6 - Reduced viscosity of 0.1 g CMC solutions in distilled
water and 2.5N NaCI, for autoclaved (AC) and
unautoclaved samples (UAC). 37
Figure 7 - Reduced viscosity of 0.5g CMC solutions in distilled
water and 2.5N NaCI, for autoclaved (AC) and
autoclaved samples (UAC). 3 8
Figure 8 - Reduced viscosity of 0.8g CMC solutions in distilled
water and 2.5N NaCI, for autoclaved (AC) and
autoclaved samples (UAC). 39
Figure 9 - Molecular weight effect. 42
Figure 10 - Degree of substitution effect. 43
Figure 11 - Sample Elution by Molecular Weight. 51
XX
LIST OF FIGURES
PAGE
Figure 12 - Calibration curve for a GMPW column. 52
Figure 13 - GP chromatograms showing the effect of CMC
concentration on the appearance of the aggregated
peak which is found between 2 and 3 minutes.
a) 0.1 g CMC/dL b) 0.4g CMC/dL c) 0.7g CMC/dL 53
Figure 14 - GP chromatograms showing the effect of salt
concentration on the appearance of the aggregated
peak which is found between 2 and 3 minutes.
a) distilled water b) 0.1 15N NaCI c) 2.5N NaCI. 54
Figure 15 - GP chromatograms showing the effect of time
on the appearance of the aggregated peak, A) distilled
water and B) 0.11 5N NaCI solution;
for unautoclaved samples. 55
Figure 16 - GP chromatograms showing the effect of time
on the appearance of the aggregated peak, A) distilled
water and B) 0.1 15N NaCI solution;
for autoclaved samples. 56
Figure 17 - Reproducibility study, of the viscosity
measurements, for the 0.05N NaCI solutions. 58
Figure 18 - Reproducibility study, of the viscosity
measurements, for the 2.5N NaCI solutions. 59
Figure 19 - Comparison of theoretical viscosity with actual
viscosity measurements for 2.5N NaCI solutions. 63
Figure 20 - A model relationship between time and
reduced viscosity. 76
XXX
LIST OF TABLES
PAGE
Table 1 - Unimodal Results for two CMC solutions at
0.05g/dL and 0.9g/dL concentrations. 47
Table 2 - SDP - Intensity Results for two CMC solutions
at 0.05g/dL and 0.9g/dL concentrations. 47
Table 3 - SDP - Weight for Solid Spheres Results for two CMC
solitions at 0.05g/dL and 0.9g/dL concentrations. 47
IV
ABSTRACT
The conformation of carboxymethylcellulose (CMC) in salt
solutions was studied using viscometry, light scattering and gel
permeation chromatography. From the viscosity data, the
conformation of CMC in aqueous saline solutions was determined to
be elliptical. At high ionic strengths, for example 2.5N NaCI, the
macromolecule collapses upon itself. The gel permeation
chromatography data indicated the presence of large molecular
weight CMC particles (~2 x 109 daltons). The light scattering data
also showed the presence of large CMC particles. The presence of
large CMC particles explains the change in concentration dependence
of the viscosity data between low and high CMC concentrations. Two
species in solution, CMC molecules and CMC aggregates, each
contribute to the observed viscosity. Both CMC molecules and
aggregates, at low concentrations, show a linear relationship
between viscosity and concentration, however, the slopes of the lines
are different.
A model is cited which provides an explanation of the viscous
behavior of CMC in distilled water and salt solutions over time, based
on solvation of CMC aggregates. This research suggests that the
solvation time can be greatly reduced by autoclaving the solutions,
thereby achieving an equilibrium viscosity.
I. INTRODUCTION
The purpose of this project was to determine the conformation of
carboxymethylcellulose (CMC) in solution, as a function of ionic
strength. Results from previous studies with solutions of CMC and
dextran provided the motivation for this study. Dextran solutions of
high ionic strength formed clear, colorless, unstable solutions.
Solutions of the same ionic strength with dextran replaced by CMC
exhibited excellent cationic stability and maintained other
properties of the original solution containing dextran such as, pH and
osmotic pressure. The solutions containing CMC produced more
viscous solutions.
According to literature sources [4,5,6,7], the salt concentration
of the solution determines the behavior of CMC in the solution.
However, the ionic strength range of interest had not been
investigated. Variations in the conformation of CMC in solution have
been studied as a function of molecular weight, degree of
substitution, order of preparation, ionic strength of the solvent and
elapsed time since preparation.
II. THEORY
There are four common methods by which the conformation of
macromolecules in solution may be measured. They are (1)
differential light scattering, (2) intrinsic viscosity, (3)
sedimentation rate and (4) flow birefringance. Methods (1) and
(2) were chosen to assess the conformation of CMC in solution
because the equipment was available for our use. Another technique
which was available for use is gel permeation chromatography.
A. VISCOMETRYl1-2!
A viscous fluid is a fluid with attractive forces that exist
between neighboring portions of that fluid. Any motion in one part of
the fluid is opposed by these attractive forces in another part of the
fluid. All liquids are viscous fluids by definition. In the theory of
viscosity, a liquid is considered a structureless continuous fluid. Let
us consider two adjacent volume elements of such a liquid. When
these elements are at rest with respect to one another, the net
effect of the forces must be zero. If one volume element is moving
relative to the other, under an external force, then the local forces
will oppose the movement. The movement from the equilibrium
position is opposed by a restoring force called the frictional force.
This frictional force is proportional to the relative velocity and to
the area of contact between the two volume elements. The
proportionality constant relating the force to these variables is the
coefficient of viscosity, 7) , or simply the viscosity.
Ff = 77(du/dx)dR (1)
The coefficient of viscosity, defined in the above equation as a
constant of proportionality, is thus independent of the actual
velocity of flow. In liquids the phenomenon of flow itself gives rise
to orientation of the molecules, altering the retarding force between
volume elements. Liquids that exhibit this orientation effect are
called non-Newtonian. However, for this discussion we will assume
Newtonian behavior. This assumption is valid here because all
macromolecular solutions show Newtonian behavior at low velocity
gradients. Random orientation of macromolecules is ensured due to
the thermal motion of the molecules under a small shearing force.
A long - chain macromolecule exists in solution as a random coil
if its segments rotate freely around its bonds. A polymer is
generally thought of as a number of small molecules connected by
single bonds. Each bond is like a link. Using this model, the random
orientations between adjacent links can be examined. The random
motion of a particle undergoing Brownian motion can be used to
model the chain links in a polymer. The degree of compactness can
then be calculated for a random coil. It will depend on the strength
of the intermolecular forces between the coil and the solvent
molecules and on the forces between two different parts of the
random coil. The compactness of a particular polymer will vary
depending on the solvent.
The viscosity of a macromolecular solution depends on the size
and shape of the macromolecule in the solution. One method of
measuring the molecular weight of polymer fractions is to measure
the viscosity of the solution. The relative viscosity or the viscosity
ratio, r, of a macromolecular solution is defined as follows:
Vr=7}/7ja (2)
where 7] and T)a are the viscosity of the macromolecule and the pure
solvent, respectively. At infinite dilution the relative viscosity
approaches unity. Because macromolecular solutions are often
non-Newtonian, they are measured at low concentrations so that
molecular shape is not affected. This viscosity is called the
intrinsic viscosity or limiting viscosity number, [ 77 ]:
[-7?]= ^ V1/M (3)
where the concentration, [c], is a mass concentration in grams per
cubic deciliter. Therefore, the intrinsic viscosity depends both on
the solvent and the macromolecule. The intrinsic viscosity may also
be expressed as the limit of zero concentration of the reduced
viscosity.
1^]-
[e]^> %p/M (4)
The reduced viscosity is the specific viscosity divided by the mass
concentration. The specific viscosity is a convenient way to express
the experimental data. It also takes into account the viscosity of the
solvent, 7)Q , like the relative viscosity.
The intrinsic viscosity is most important for macromolecular
solutions. It is usually determined by making several measurements
at various concentrations and extrapolating to zero concentration.
X.
ll\- [c]->o( V- ^oV^oM (6)
The intrinsic viscosity can also be written in the following form:
[7]]- ^N0vh/M (7)
where v^ is the hydrodynamic volume of a dissolved macromolecule,
N0 is Avogadro's number, M is the molecular weight of the
macromolecule and y is Simha's factor, a viscosity increment. The
hydrodynamic volume is different for each macromolecule. For a
flexible polymer, the macromolecules behave as spheres of radius Re.
The volume is then equal to 4/3 tt Re3. Using the relation,
Re3 = 3RG3, where RG is the radius of gyration and is a
dimensionless quantity relating the radius of the equivalent
hydrodynamic sphere to the radius of gyration, the hydrodynamic
volume can now be written including the radius of gyration.
vh= 4/3 Tr3 RG3 (8)
Thus the intrinsic viscosity of a flexible macromolecule can be
expressed as:
[77] = 10TTNo 3 RG3/3M (9)
The hydrodynamic properties reflect the behavior of individual
macromolecules at infinite dilution. The reduced viscosity may be
strongly concentration dependent and can be expressed in the
following:
%p/c= [7]) + k[77]2c (10)
where k is the Huggins constant. For a flexible macromolecule the
value of k is nearly equal to 0.35 for good solvents and is larger for
poor solvents. The magnitude of the effect of concentration on the
reduced viscosity is of the same order as the effect of concentration
on sedimentation coefficients.
B. LIGHT SCATTERING^]
Differential light scattering is an important tool in determining
the conformation and the molecular weight of macromolecules in
solution.
A particle, in an electric field, will possess a dipole moment, p,
parallel to the direction of the field. The magnitude of the dipole
moment is proportional to the electric field strength shown by the
following equation:
p = aE (11)
where a is the polarizability of the particle. Polarizability is
defined as the polarization produced in the medium by the action of
an electric field. In this case the molecular polarizability is being
referred to in the discussion.
Molecular polarizability is characterized by the following
phenomena. The distortion of the charge distribution within the
molecule, which is the sole cause of polarizability for molecules that
do not possess a permanent dipole moment. For molecules that do
possess a permanent dipole moment the orientation of the dipole due
to the electric field brings about another contribution to the
polarizability. In ionic media the contribution to the molecular
polarizability is due to the displacement of ions relative to one
another, however, this is small compared to the contribution from
the orientation factor.
Let us now consider a particle in an ideal gas, with the light
source being a beam of plane - polarized light. The electric field
generated by this beam of light can be expressed as the following:
E = E0cos2TT(vt-x/X) (12)
where E0 is the maximum amplitude, v is the frequency, t is time, x
is the location along the line of propagation, and X is the wavelength
measured in the medium of propagation (vacuum). The assumption
here is that the particle is smaller than the wavelength of light. The
incident light will induce an oscillating dipole in any particle in its
path. Therefore, combining both equations above, an expression for
the magnitude of the dipole moment present in the particle is the
following:
p = aE0cos2T7(vt-x/X) (13)
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This oscillating dipole is in itself a source of electromagnetic
radiation. This "new" radiation is the measured scattered radiation.
The scattered radiation is a spherical wave extending in all
directions, but the strength is dependent on the direction. At large
distances from the dipole, the field due to the positive end of the
dipole will almost equal that of the negative end, resulting in a
canceling of the dipole field. The residual field is perpendicular to
the sine of the angle between the dipole axis and the line joining the
point of observation to the dipole. Another property of the scattered
radiation is that the strength of the field varies inversely with the
distance. Intensity is defined as the energy per distance squared and
is proportional to the square of the field strength. Therefore the
field strength must vary inversely with distance.
If the second derivative of equation 13 is taken with respect to
time, and a factor introduced, for dimensional correctness, then an
expression for the field strength of the scattered radiation can be
written as:
Es = 4 tt2 v2 a E0 sin 01 cos 2 n (vt - x / X )/ c^r (14)
Since it has already been stated that the intensity is proportional to
the square of the field strength, then the intensity of the incident
light can be obtained by squaring equation 12 and the intensity of the
scattered light can also be obtained from equation 14. The important
relationship here is the ratio of the scattered light to the incident
light:
is / l0 = 16 tt4 v4 a2 sin2 f^/ c4 r2 (15)
This equation can be further simplified by replacing X4 for c4/v4,
the result is the Rayleigh scattering equation first derived by Lord
Rayleigh in 1871. The most significant feature of this equation is
the inverse fourth power dependence on the wavelength of the
incident light. The equation also relates the polarizability to the
ratio of the scattered light to the incident light. The molecular
polarizability can be related to the dielectric constant, D, by the
following equation:
D-1=4rrNa (16)
because the electric field is a local field in this case. The dielectric
constant is related to the refractive index by the following equation:
D = n2 (17)
therefore, the polarizability can be related to the refractive index:
n2-1 =47TNa (18)
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The refractive index may be expanded in a Taylor series because the
refractive index of a dilute gas is close to unity. The first two terms
would look like this:
n -1 + (3/f/3c)c (19)
where c is the concentration of the particles in the gas. The square
of equation 19 combined with equation 18 relates the polarizability
with the refractive index increment, Qn I So, and the molecular
weight of the particles:
a= c(5n/3c)/27TN = M ( $n I 3c ) / 2ttN0 (20)
The above relation may be substituted back into the Rayleigh equation
for a, to show the intensity of the scattered light per particle:
's /l0 = 4tt2 M2
sin201(3n/3c)/No2X4r2 (21)
From the above equation, the intensity of the scattered light is
proportional to the square of the molecular weight of the scattering
particles coupled with the proportionality to ( Qn I Oc). However, it
is more useful to represent the intensity of scattering per unit
volume. The assumption made here is that the particles are randomly
located so that the total intensity is the sum of that of the individual
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particles. The Rayleigh scattering equation then becomes:
is/l0 = 2tt2( 1 + cos2)(3n/3c)2 Mc/N0X4r2 (22)
The above discussion was based on plane polarized light as the
incident light used. However, experiments are usually done with
unpolarized light as the incident light. The intensity of scattering
for unpolarized light, ie , is the sum of two terms of the form of
equation 22. The result of the sum of sin2 P1 and sin2 02 is
1 + cos2 Q , where Q is the angle between the line of observation and
the direction of the incident light. The angular dependence of
scattering of unpolarized incident light is given by:
ie / l0 - 2 772(1 + cos2Q)(dn/dc)2 M c / N0 X4 r2 (23)
So far the discussion has been centered on a particle in an ideal
gas, now let us assume that the particle is in an ideal solution
instead. Let us further assume that the particles are
macromolecules, and that they are independent of one another.
Previously, the refractive index was unity, however, the refractive
index of the solvent is no longer unity. Thus n2 - 1 becomes a
measure of the total polarizability per unit volume. Therefore n 2 - 1
must be replaced by n2-n02, where rf0 is the refractive index of
solvent. Equation 18 can now be written as:
12
n2-n02 = 4TTNa (24)
The Rayleigh scattering equation becomes:
ie / l0 = 2tt2(1 + cos2)02( dnldo)2 M c / N0X4 r2 (25)
where M is the molecular weight of the macromolecule solute, and c
its concentration in grams per cubic centimeter.
Macromolecular solutions are not ideal and the above equations
must be adapted using the theories of Einstein and Debye. They used
volume elements to describe the make-up of the solution, where each
volume element contains many solvent molecules and a few solute
molecules. The average concentration, over the entire solution is
described by c'. The concentration of the volume element is
expressed as c =
c'
+ (jc, where Qc is the fluctuation in the
concentration. The fluctuations occur randomly in the volume
elements. They also stated that other fluctuations occur in the
volume elements, such as, polarizability and refractive index. The
same type of derivations used for concentration fluctuation were
used for the polarizability fluctuations. The average polarizability
of the volume element is a', and the actual polarizability of any
element is a -
a'
+ 3a. The fluctuation in the polarizability, 3a, is
due to fluctuations in the concentration. Going back to equation 15,
the quantity
a'
+ 3a mav De substituted for a:
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is / 10 = 16 774(a' + 3a)2 sin2 fy/X4 r2 (26)
Expanding the quantity in parentheses gives a'2 + 2a'3a + ( 3 a)2.
The contributions from each element are the same [1] and as a result
the only term left is ( 3a)2- ^ 3a is expanded over temperature,
pressure, and solute concentration fluctuations, then an expression
for c)a can be written. Since the fluctuation in temperature and
pressure is assumed to be the same as that for the solvent, they are
ignored and only the fluctuation in solute concentration is related to
the fluctuation in the polarizability.
3a = (3a/3c)TtP3c (27)
The quantity ( OaJ Oc) can be determined from the measurable
quantity ( On I 3c) in equation 16 by the following equation:
(3a/3c)T,p = Y7T/2tt( 3/r/3c)TP (28)
where Y is the volume element that was substituted for N. The
Rayleigh scattering equation now becomes:
is / |Q = [4 tt2 Y n2( dnl 3c)2
sin^/X4 r2]( 3c)2 (29)
Again the conversion to unpolarized light is necessary so that the
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sin201term is replaced by 1 + cos20 . The only quantity to be
computed is the ( 3C)2 term- This quantity is dependent on the way
the free energy of the macromolecular solution varies with the
concentration, such that, the scattered intensity is related to the
colligative properties of the solution. The free energy (F) is not
expected to fluctuate very much, therefore the free energy can be
expressed in a Taylor series, using only the first two terms. The
first term ( OF I Oc) is equal to zero at constant temperature and
pressure. The average value of ( qc)2 can be expressed as a ratio of
integrals, which when solved give an expression for the average value
( 3c>2;
(3c)2 = KT/(32F/3c2)Tip (30)
The quantity ( 32F/3c2)TP is defined by the following equation:
(d2F/3c?)T|P = -Y/cV7(3iu.1/3c)T,P (31)
where u.^ and V1 are the chemical potential and the partial molal
volumes of the solvent, respectively. The Rayleigh scattering
equation incorporating equations 29 and 30, independent of the
volume element, Y, is:
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ie/l0 =27T2n2(3n/3c)2(1 + cos20 )c/[X4r2[ -(1/V1KT)(3Ml0c)TiP ]]
(32)
The chemical potential of the solvent is dependent on the
concentration of the solute by the following expression:
Mi - Fi - " RTV'c2 (1/M + Be2 + Cc22 + ... ) (33)
The derivative of the above equation, where VJ is equal to
V*
in very
dilute solutions, is:
-1/V^KT(3AV3C )t,p = No(1/M + 2Bc2 + 3Cc22 + - ) (34)
The coefficients B and C are the second and third virial coefficients,
respectively. The result of this section's derivations in the Rayleigh
scattering equation are expressed in the following equation:
/l0 = 2TT2n 2(dn /3c)2(1 + cos2 )c/[N0X4r2(1/M + 2Bc + 3Cc2 + ... )]
(35)
'e"o
In the limit of zero concentration the above equation reduces to the
ideal Rayleigh scattering equation shown earlier.
The derived equations above may be rewritten to incorporate the
actual measurable quantities in the laboratory. For instance, the
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refractive index increment, in equation 35, may be determined by a
differential refractometer. This term is part of the optical constant
for the instrument, shown below:
K = 2T72n02(3"/3c)2/N0X4 (36)
which includes the refractive index of the solvent and the wavelength
of light used in the measurement. The only quantity left to determine
is the Rayleigh ratio:
R& = r2 i9/l0(1 + cos2 ) (37)
which is independent of the scattering angle. The Rayleigh scattering
equation may be rewritten as follows:
Kc/Re = 1/M + 2Bc + 3CC2 + ... (38)
A plot of the left - hand side of the equation versus the
concentration, c, gives the same type of information that osmotic
pressure measurements do. The y - intercept gives the inverse of the
molecular weight of the solute and the limiting slope is a measure of
the second virial coefficient. The application of these equations is
limited to a two - component system, particles that are smaller than
the wavelength of light, and where the scattering particles are
17
optically isotropic.
Particles that have at least one dimension that exceeds one -
twentieth of the wavelength can not be used in the above discussion.
These large particles will have more than one scattering point such
that the light scattered from each point will reach the observer out
of phase. This phase difference results in a diminution of the
scattered intensity. The effect of the large size is described by a
function P( Q ). The function becomes unity when 0 is zero, and at
this point all the conclusions made in the previous section are
applicable. The diminution function P( 0 ), can be related to the
molecular configuration. The following discussion is based on the
assumptions that all the particles are alike and independent of one
another.
Now, the large molecule contains a point, p, that represents a
single scattering element. The entire volume contains a large number
of such points. The distance between the scattering point and the
observer is now given the quantity t\ j . Every scattering point has a
different value of Aj , of which the particle is composed. The
differences between the values of Aj will produce phase differences
at the point of observation. The electric field generated by the ith
scattering point can be written as follows:
Ei = (constant) cos 27f(vt - ^ j / X ) (39)
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If there are sigma scattering points in all, then the total scattered
radiation can be determined by summing equation 39 over all
scattering points. The scattering intensity can be found by averaging
the value of Ej over a period 1/ v, so that:
ie = (constant) / / cos 2 ( A: - A j )/ X (40)
to ,
J
i-i j
The cosine in the above equation becomes unity when the difference
is smaller than the wavelength. Under these conditions ie must
reduce to the scattered intensity in the absence of interference and
is signified by ie '. The value of
ie' is then (constant)o*2. Going back
to the diminution function P( 0 ):
cr cr
P(0) =
ie/i9'
=J>/^2X A, 0S2 (^J"^i)/X (41)
Substituting 2(rj - rj ) c sin 0/2 for Aj - Aj in the above
equation gives:
cr a
P(0) = 1/cr2"X / cos(47T/Xsin0/2)[(rj
- rj )-c] (42)
where r, and rj are vector representations of Aj and A
Further simplification by letting ^ equal 477 / X sin 0 12 and
rj - rj equal fjj
gives:
i
19
Q~
cr
P(0) = Vc2- y y cos/i(rjj.c) (43)
ial >l
where this equation is valid for scattering particles that are fixed in
space. In order to represent a particle free to orient itself in any
direction, an average of cos ji ( rjj c ) must be taken. The result is
as follows:
cr cr
P(0) = 1/cr2 y y sin /LX-rjj //xrjj (44)
for random orientation of the scattering particle.
The form of the function P( Q ) depends on the geometric shape of
the scattering particle. However, P( 0 ) becomes independent of
particle shape as 0 approaches zero and provides a measure of the
radius of gyration for the scattering particle. This is unique, no
other physical measurement gives the dimensions of a
macromolecular particle without assuming its general shape. This is
accomplished by expanding each term under the summation in
equation 44 in a power series:
a a
P(0) = 1/0"2X X -/*2rJi2/3! + M%4/5! - ) (45)
Taking the limit of equation 45, only the first two terms are
retained:
20
cr cr
oS P(0) = 1 - ( fj.2/3\ cr2)^ /
rji2 (46)
cr cr
l~* J"1
where \> ^ rjj2 is 2cr2 times the square of the radius of
L-\ 3*1
gyration. The above equation can be simplified for every kind of
dissolved particle:
X
o-io P(0) = 1 - M2RG2/3 (47)
where RG is the root - mean - square average radius of gyration.
Finally, replacing the value of /x into the above equation gives the
form:
/
o->o 1/P(0) = 1 + 16772/3X2RG2sin20/2 (48)
The data must be extrapolated to zero concentration because the
function P( 0 ) is valid only at high dilution, and the data must be
extrapolated to zero angle so that equation 38 can be used too. Both
of these considerations can be achieved in a Zimm plot of Kc/Re
versus sin2 0/2 + 2000c. Extrapolation of the two limiting plots
yield both zero angle and zero concentration. Thereby giving the y -
intercept a common value of the inverse of the molecular weight of
the particle. Equation 38 generates a line with slope equal to 2 B/k.
21
If equation 38 is combined with equation 48 then the limiting slope
becomes a measure of the radius of gyration:
S>0 Kc/Rfl = 1/MP(0) = 1/M(1 + 16772/3X2RG2 sin20/2 + ... )
(49)
C. GEL PERMEATION CHROMATOGRAPHY^3!
In the past, molecular weight distributions were determined by
laborious fractionation of the sample, followed by analyses of the
fractions by various methods, such as, osmotic pressure, light
scattering and calculation of intrinsic viscosity. These techniques
are difficult and time consuming.
Established in the 1960's, gel permeation chromatography (GPC) is
now used to quickly determine molecular weight averages and
molecular weight distributions. Generally, GPC employs a column or
a series of columns, which are packed with a porous substrate. This
porous substrate is usually a crosslinked polymer or glass beads
which become swollen by the solvent. The substrate's pores are
easily accessible to small molecules, but large molecules are
excluded from pores and pass through the column quickly.
Consequently, a separation of the sample is achieved; going from
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largest to smallest molecular weight. After the sample passes
through the column, it enters a concentration - sensitive detector.
The most commonly used detector is the differential refractometer,
which measures the difference in refractive index of the pure solvent
and the polymer solution. Ultraviolet or infrared detectors are useful
when a functional group of the polymer absorbs well defined
wavelengths of radiation. However, if the functional group absorbs in
the same region as the solvent, an ultraviolet or infrared detector
are not applicable for the system.
The type of detector used is not important, only that it measure
some quantity, Q, that is proportional only to the mass concentration
of polymer:
Q = kc (50)
where Q is the detector readout, k is the proportionality constant and
c is the mass concentration of polymer, g/cm3. A typical GPC curve
will consist of a plot of Q versus v, the volume of solvent that has
passed through the detector ( elution volume ). GPC is usually
performed at constant flow rate. The peaks are in the order of
decreasing size ( molecular weight ). The GPC method is a relative
one and a qualitative one. However, a quantitative relationship may
be determined if a calibration plot is prepared. The calibration
standards should be monodisperse polymers of a known molecular
weight, with a similar structure as the analyte. The calibration
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curve is usually a plot of log M versus v, and is linear over most of
the range of molecular weights of interest. At low v, the curve may
show upward curvature, due to large molecules. Because of the large
size of the polymer, it will move through the column with the solvent
and be excluded from the pores in the column. This behavior exhibits
an infinite slope or upward curvature.
Like most applications, once the parameters have been changed,
the calibration curve is no longer valid. When the polymer being
analyzed dissolves in organic solvents, polystyrene is usually the
polymer used for these calibration curves, due to the availability of
monodisperse standards. Other polymers, such as proteins, may be
used in the calibration, if an aqueous phase solution is to be analyzed.
A universal calibration curve can be made for the column, by plotting
the log( [ 7] ] M ) versus v (elution volume), where [ 7] ] is the intrinsic
viscosity.
From the GPC curve and the calibration, MjJ and M^JJ , the number
average and the weight average molecular weight, respectively, can
be calculated. The GPC curve is cut into arbitrary volume
increments, Av, whereby molecular weight averages can be
calculated. The number of increments can determine the accuracy of
the averages. The number of moles of polymer in the volume
increment Av is given by the following:
n; = CiAv/Mj (51)
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where Cj is the polymer mass concentration in the ith volume
increment and Mj is the molecular weight of the polymer in the ith
volume increment ( assumed constant over Av ). From equation 50,
Cj is equal to Qj / k and equation 51 may be written as:
n: = Q: Av/kM; (52)
Therefore using the equations for the molecular weight averages and
incorporating equation 52, Wn and M"^ can be written as:
Mw njMj2/ njMj = QjMj/ Qi (53)
Mn = njMj/ nj = Qj/ (Qj/Mj) (54)
In the above equations the proportionality constant, k, cancels out
and does not need to be determined. The value for Qj is normally read
from the GPC curve and Mj is from the calibration curve, at the v
which corresponds to the volume increment of interest.
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III. EXPERIMENTAL DESIGN AND RESULTS
A. The Effect of Ionic Strength on the Viscosity of
CMC Solutions.
The ionic strength experiments were modeled after work done
by Schneider and Doty [4] at CMC concentrations below 0.1g/dL.
However, the present work was done at higher CMC concentrations.
The experiment shows the relationship between the viscosity of the
CMC solution and CMC concentration as a function of salt
concentration. In Schneider and Doty's work, at low CMC
concentrations, the relationship between viscosity and CMC
concentration was linear for each salt concentration. A similar
result was expected with this work, however, no simple relationship
was obtained.
Solutions measured
At each of five ionic strengths a series of ten solutions, ranging
from 0.05g CMC/1 00ml soln to 0.9g CMC/1 00ml soln were prepared.
The grade of CMC used was 7HOF, see appendix A. The five sets of
solutions were made at the following salt concentrations: 0.01 N
NaCI, 0.05N NaCI, 0.1 15N NaCI, 0.50N NaCI and 2.50N NaCI. Once a
solution was prepared, it was autoclaved, within 24 hours, at 252 F
for 20 minutes.
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Apparatus
The viscosity of each of the solutions was determined using a
RVTDV -II Brookfield Digital Viscometer fitted with an Ultra Low
(UL) Adaptor. However, the solutions with 0.4g or less of CMC could
not be read with the Brookfield viscometer. The viscosity of these
solutions was measured using a 150 Ostwald viscometer.
Results
In figure 1, the ionic strength study data can be seen; where the
reduced viscosity in dl_/g is plotted against the CMC concentration in
g/dL.
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B. The Variation of Viscosity due to the Order of
Preparation of Samples.
Experiments were done to explore variations due to order of
preparation. This study was modeled after work done by Kloow [5]
and Stelzer and Klug [6]. From their work, it was apparent that the
viscosity of a CMC solution is dependent on the way in which the
solution is prepared. They showed that the equilibrium viscosity of a
CMC solution, in which the salt was added to a solution of CMC, is
greater than the equilibrium viscosity of a solution where CMC was
added to an aqueous salt solution, for low CMC concentrations. It was
expected, based on the information from [5] and [6], that at some time
after mixing the solutions the viscosity would level off to an
equilibrium value.
Solutions measured
A series of solutions was prepared with salt concentrations:
0.1 molal, 0.2 molal, 0.3 molal, 0.6 molal and 1.0 molal. The order of
preparation for the solutions was varied; first, salt was added to a
CMC solution and second, CMC was added to a salt solution. Two
grades of CMC were used, 7HOF and 9H4XF, (see appendix A), were
used to prepare 0.6g/dL solutions of CMC. Like the solutions
described in part A, this set was autoclaved prior to the
measurement of the viscosity.
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Apparatus
The viscosity of these solutions was taken at various time
intervals, ranging from one hour to several days. The viscosity of
each of the solutions was measured with the Brookfield viscometer,
using the UL adaptor, as indicated in part A.
Results
The data plotted as reduced viscosity versus time is shown in
figures 2 through 5.
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C. Equilibrium Viscosity and Autoclaving.
The effect of autoclaving on the time required to reach an
equilibrium viscosity was also studied. From the literature [7] on 1%
and 2% CMC solutions it was shown that the time required for
viscosity to reach an equilibrium value was different for each
solvent. The time required in distilled water is approximately three
hours, and the time required for a salt solution varies. [7]
Solutions measured
Two sets of solutions, using the 7HOF grade of CMC, one in
distilled water and one in 2.5 N NaCI, were prepared at the following
concentrations: 0.1 g/dL, 0.5g/dL and 0.8g/dL. Half of each sample
was autoclaved and the other half was not.
Apparatus
The viscosity of all the solutions were taken over various time
intervals until an equilibrium value was reached. The 0.5g/dL and
0.8g/dL solutions were read on the Brookfield using the UL adaptor,
as in part A; and the 0.1 g/dL solutions were read using the Ostwald
viscometer.
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Results
The data plotted as reduced viscosity versus time is shown in
figures 6 through 8.
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D. Molecular Weight and Degree of Substitution.
Viscosity changes for different molecular weight fractions of
CMC with a given degree of substitution was studied using three
fractions with a degree of substitution of seven. Viscosity changes
over several degrees of substitution, of a particular molecular
weight fraction designation, were also examined. [7]
Solutions measured
Two sets of three solutions using low (L), medium (M) and high
(H) viscosity designated CMC were made at a CMC concentration of
0.6g/dL soln, and a salt concentration of 0.1 15N NaCI, only the grades
of CMC used were different. The first set of solutions used the
following CMC grades: 7LXF, 7M8SXF and 7HOF. The second set of
solutions used the following CMC grades: 4H1F, 7HOF and 9H4F. It
was not possible to get the 4H1F CMC into solution, so the results
show only 7HOF and 9H4F. The solutions from both experiments were
autoclaved before the viscosity measurement was done.
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Apparatus
All solutions were measured on the Brookfield viscometer,
using the UL adaptor, as in part A.
Results
In figure 9, the reduced viscosity is plotted against the degree
of substitution. Figure 10 shows the reduced viscosity versus the
molecular weight (H), for these samples.
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E. Light Scattering on Samples for Particle Size
Determination.!10!
Light scattering experiments were done to attempt to determine
the size of the CMC chains. The movement of samples undergoing
Brownian motion can be detected and analyzed by the laser, and the
scattered light detected with a photomultiplier tube. Intensity
changes or fluctuations caused by the Brownian particles occur on a
time scale of micro - to milliseconds. Large, relatively slowly
moving particles change positions slowly and cause slow intensity
fluctuations at the detector; conversely, small, quickly moving
particles cause rapid intensity fluctuations. Photon correlation
spectroscopy (PCS) is based on measuring these fluctuations. PCS
determines particle sizes by characterizing the exact time scale of
the random intensity fluctuations caused by the changing patterns of
diffusing Brownian particles.
The Coulter N4S sub - micron analyzer uses two methods [10]
of analyzing the data that is stored in the autocorrelation function.
One method is the unimodal analysis which provides a measure of the
sample particle's mean size and a measure of the polydispersity or
breadth of the particle size distribution. The analysis interprets the
sample's size distribution as a log Gaussian. The other method is
size distribution processor (SDP) analysis. The SDP analysis
calculates the actual distribution of particle sizes rather than only
the mean size and the distribution moments. The light scattered
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from all the particles is detected simultaneously and then correlated.
The SDP analysis is done two ways. Intensity results come from the
intensity distribution where the magnitude of one signal is
proportional to the percent of the total scattered intensity due to
particles of the corresponding size. The intensity distributions are
optically converted into weight distributions. A weight distribution
gives the relative weight of particles of each size in a sample, and
these results are independent of scattering angle. For spherical
particles the conversion from an intensity distribution to a weight
distribution requires knowing the refractive index of the particles
and the medium and using the Mie equation [10]. For nonspherical
particles with an axial ratio of < 3 : 1, and for particles smaller than
500 nm, the Mie equation provides a good conversion. For particles
shaped like rods or highly unsymmetrical and elongated, the
conversion is not easy to do. In addition, the SDP algorithm allows
for scattering due to very large particles. The majority of these
particles are dust. The analysis will give a dust percent for each
sample analyzed. If a sample contains very slowly moving particles
they will be analyzed as dust.
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Solutions measured
Two CMC samples were analyzed by the light scattering method.
Each solution had a solvent concentration of 0.1 15N NaCI. A range in
size was sought and the CMC concentrations were, 0.05g CMC/dL soln
and 0.9g CMC/dL soln.
Apparatus
The data was obtained by using a Coulter Model N4S sub -
micron analyzer. The N4S uses a 4 mW helium - neon laser, for a
source, and the angle is fixed at 90.
Results
The SDP analysis showed only two particles present in both
CMC solutions. The data is listed in Tables 1
through 3.
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F. Gel Permeation Chromatography of Samples for
Molecular Weight Determination of CMC Chains and
CMC Aggregates.
Additional data was sought to study the presence of aggregates
of CMC chains and to try to obtain molecular weight distributions
using gel permeation chromatography. The GPC experiments were
designed to characterize the behavior of CMC by varying three
parameters: CMC concentration, salt concentration and elapsed time.
The effect of autoclaving samples and not autoclaving samples was
also examined.
General information
The compounds used for the calibration curve.were the two
proteins Ferritin and Thyroglobulin, with molecular weights of
440,00 and 669,000 daltons, respectively, and a dye, 1,1- diethyl -
4, 4 - cyanine iodide, with a molecular weight of 454.35 daltons. The
conditions for each experiment were kept constant, while each
specific parameter was being studied. All samples were run at a
flow rate of 1.0 ml/min. In the chromatograms, the only peaks that
were of interest were from time zero to approximately 5.5 minutes.
The other peaks in the chromatogram are simply due to solvent.
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Apparatus
The type of chromatograph used was a Varian 2510 HPLC
pump with a Rl - 4 refractive index detector. The column used was
Supelco column number PWM3H0002 which is a Progel - TSK vinyl
polymer based gel filtration column that is especially useful for
analyzing water - soluble oligomers. [8] The solvent used was HPLC
grade water.
Results
In figure 11, it can be seen that the relationship between
molecular weight and elution volume for the GMPW column is linear
between 10 and 10 daltons. [8] The calibration curve is shown in
figure 12.
The three chromatograms, in figure 13, were taken at the
same attenuation and range sensitivity, 4 and 32 x
10"5 RIU/FS,
respectively. The range sensitivity is given in refractive index units
per field strength. The salt concentration was constant at 2.5N and
the samples were not autoclaved. The aggregate peak is apparent at
0.4g CMC/dL and 0.7g CMC/dL but not at 0.1g CMC/dL. The aggregate
peak appears between 2 and 3 minutes depending on CMC
concentration.
The chromatograms in figure 14, are at the same attenuation
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and range sensitivity as the previous samples. The CMC
concentration was constant at 0.6g CMC/dL and these samples were
not autoclaved. The salt concentration increases from zero to 2.5N.
For these chromatograms, the aggregate peak does not become
evident until the salt concentration is 2.5N and then only a retention
time is evident.
Results from the time dependence of the disaggregation process
are shown in figures 15 and 16 for unautoclaved and autoclaved
samples, respectively. For the autoclaved samples, two sets of two
chromatograms can be compared. The solutions have the same CMC
concentration, 0.6g CMC/dL, but are in different concentrations of
NaCI. In the 0.1 15N NaCI solution, after one day, no aggregate peak is
apparent. The same observation can be made for the samples
prepared with water as the solvent. In the samples that were not
autoclaved, figure 15, the same two solutions were used. In the
samples with water as the solvent, after a two day period,
appearance of the aggregate peak can be seen. However, the samples
in the 0.1 15N NaCI solution, no aggregate peak can be seen after two
days.
50
o
5
Figure n Sample Elution by
Molecular WeightW
10'
10e
103
10* -
G4000PW \GMPVV
G2500PW G6000PW
G5000PW
6 8 10 12
Elution Volume
(ml)
30cm x 7.8mm columns, Mobile Phase: distilled wateT, Flow
Rate: LOml/min., Det.: refract, index, Sample: polyethylene
glycol and polyethylene oxide standards.
51
6n
Ferritin
Thyroglobulin
Z
8 A
y- 14.2024- 1 ,6978x R- 1.00
-> r-
5
r
6
TIME (min)
Figure 1 2 - Calbraoon curve for a QMPW column.
52
& & o
o
53
C CM
o c
e s _
ill
E
2
in
O
o
<_>
s
If5
pi
ill
CO
1 * =
fi ^
P C g
111
54
A)
/Hfcn-. n
I day rVfidi'na
A-tn O
B)
rtfcbr- o
^ 1 cry rod t"ne
Figure 1 6 - GP crromatograrns showing the effect of time on the appearance of the
aggregated peak, A) distilled vfcter and B) 0.1 1 5N NaCI solution; for
autoclaved samples.
56
A)
\f)^Q,\ rec*Ji
Abbrv. o
tffey-
2 da.^ r^adi'nc.
Figure 1 5 - QP chrariatograrns showing the effect of time on the appearance of the
aggregated peak, A) distilledwater and B) 0.1 1 5N NaCI solution; for
unautocteYed samples.
55
G. Error Analysis for the Viscosity Measurements.
From an error analysis of the viscosity data, the maximum
relative percent error was determined as 0.0042 % for the Brookfield
viscometer and 0.58 % for the Ostwald viscometer. See Appendix B
for calculations.
For both viscometers, the values chosen give the maximum
percent error, so that all other viscosity values will have the same
or smaller percent error. Looking at the calculations of error, it
becomes apparent that the error inherent in solution preparation is
the dominant factor contributing to the overall error in the reduced
viscosity measured by the Brookfield viscometer. The overall
percent relative error for the Ostwald viscometer is determined by
the error in measuring the volume of solution for each measurement.
A reproducibility study of the viscosity measurements, for the
0.05N NaCI solutions and 2.5N NaCI solutions, was done. The 0.05N
and the 2.5N NaCI solutions were prepared three times. These
solutions were made at CMC concentrations of 0.1g/dL to 0.8g/dL.
For the second and third trials with the 0.05N NaCI solution, the
viscosities were close. The 2.5N NaCI solutions agree more closely
with one another. All solutions made were autoclaved prior to the
viscosity measurements. The above data has been graphed and can be
found in figures 17 and 18.
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IV. DISCUSSION
The conformation of a polymer in solution is dependent on the
quality of the solvent [12]. In a good solvent, the conformation of a
polymer is expanded compared to the theta condition [12]. The state
at which the poorness of the solvent exactly compensates for the
excluded volume effect is called the theta condition [12]. A good
solvent for CMC is water.
The presence of a significant concentration of sodium
chloride in the solution, affects the time required for a CMC particle
to be solvated. The lifetime of a large aggregate is increased in a
salt solution, and this increases the viscosity of the solution. The
viscosity data, in figure 1, showed an exponential dependence of
viscosity with respect to concentration, for all ionic strengths. The
data from figure 1 was fitted by an exponential equation. However,
the exponential dependence may be the result of two independent
relationships. At low CMC concentrations, the amount of large
aggregated CMC particles is small. At higher CMC concentrations, the
concentration of large aggregated CMC particles is much higher. The
lifetime of the aggregate in solution is dependent on the quality of
the solvent ( ie. ionic strength ). There is a linear relationship
between viscosity and concentration, at low CMC concentrations, but
the slope is much greater at high CMC concentrations. The result is
two linear relationships at high and low concentration, with a
transitional area where both single chains and aggregates are
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contributing significantly to the total observed viscosity. All of the
samples in this study were autoclaved, and the affect of autoclaving
will be discussed later.
An assessment of the reproducibility of these measurements,
figures 17 and 18, involved the use of the same samples as the ionic
strength study. For the 0.05N NaCI solutions there was a large
standard deviation, 11.769, between the three runs. The 2.5N NaCI
solutions had a lower standard deviation, 7.648, between the three
runs. For both salt solutions, larger standard deviations were
observed at high CMC concentrations. The variations observed are not
easily explained. However, there seems to be time dependent
processes going on that may account for these variations, although
all samples were autoclaved.
Using the viscosity data from the ionic strength study, the
intrinsic viscosities for the various solutions could be determined
from the y - intercepts, from the plot of reduced viscosity versus
concentration. The reduced viscosities and concentration of CMC
were used together with assumed values of Simha's factor, to find
the Simha's factor that best described the shape of the CMC molecule
in solution. The intrinsic viscosities that are generated, from the
calculation, must increase with the increasing reduced viscosities,
when the correct Simha's factor is determined. Simha's factor
ranges from 2.5 for a sphere to large values that represent distorted
ellipses [1]. The first three values of reduced viscosity, for each
ionic strength, are used in this calculation. The correct Simha's
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factor can then be used to model the trend in viscosity. The larger
Simha's factors generate a flatter curve and smaller Simha's factors
generate curves with large curvature.
For CMC molecules in low ionic strength solutions, the Simha's
factor is 3.1, which indicates a slightly distorted sphere. As the
ionic strength increased, the Simha's factor is 7.3, indicating an
elliptical shape for the CMC molecules. The CMC shape in the largest
ionic strength used in the experiment was the most difficult to
model, due to the high concentration of salt, the CMC polymer is
hydrogen bonding to itself and becoming less random in its structure.
The Simha's factor was 29 and the model curve was very flat and did
not follow the actual curve at all ( see figure 19 ). All other ionic
strengths show deviation from the model curve at 0.4g CMC/dL soln.
The higher CMC concentration section of the viscosity curves have
the influence of the aggregated particles, and the intrinsic viscosity
is no longer constant. With the increase in CMC concentration, and an
increase in the number of aggregates; the theoretical model can no
longer predict the observed viscosities. Overall, the shape of the
CMC chain changes, becoming more elliptical, as the ionic strength of
the solution is increased.
The behavior of CMC in distilled water is different than the
behavior in salt solutions, due to the difference in solvation time, of
the CMC particles. This behavior was observed in both the
equilibrium time study and the order of preparation study. The
viscosity data for the order of preparation study, in figures 2 through
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5, indicated that the solution of CMC in distilled water, first,
significantly affects the viscosity of the solution. In distilled
water, CMC is solvated quickly and over time the disaggregation
process can be observed, with a decrease in viscosity. In a salt
solution, CMC is not as easily solvated and over time the
disaggregation process may not be observed ( the aggregates are
stable for long times ). By changing the sample preparation,
different viscosity behavior can be observed for CMC solutions. The
viscosity data from the equilibrium study, in figures 6 through 8,
more clearly shows the different behavior of CMC in distilled water
and salt solutions. The data shows that the viscosity of CMC in
distilled water was higher than in a salt solution, for the 0.1 g
CMC/dL samples. This is expected because in distilled water CMC is
expanded. But, as the CMC concentration was increased, the observed
viscosity trends of CMC in salt solutions and in distilled water were
harder to explain. When the concentration of CMC in any solvent is
high, the time required to completely solvate the particles will vary.
In distilled water, the solvation process is more efficient, but the
time involved in solvating CMC will vary with the concentration of
CMC. The above conclusions are not the same when the solution
contains salt. As the salt concentration of the solution increases, so
does the solvation time. For higher CMC concentrations, the solvation
time in a salt solution is even longer. This time factor will cause
different viscosity values to be observed. Over the course of the
experiment very little change in viscosity is observed, at 0.8g
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CMC/dL soln. It may be possible that during the time of the
experiment, the solution is at a steady state. The question remains
whether further viscosity changes take place over longer time
periods. The data from autoclaved samples, in the equilibrium study,
show that a constant viscosity is achieved and that a lengthy time
frame can be eliminated to achieve this constant viscosity, for these
solutions. Autoclaving may actually increase the rate of these time
processes and allow the CMC solutions to reach an equilibrium
viscosity more quickly.
The viscosity versus molecular weight fraction data show
differences in viscosity for each fraction which increases with the
increase in molecular weight, seen in figure 9. The range of
viscosity change observed is 30 dl_/g. The viscosity changes over
several degrees of substitution were also looked at using one
viscosity designation (high), seen in figure 10. Three degrees of
substitution were originally chosen, 4H1F, 7HOF and 9H4F. It was not
possible to suspend nor to dissolve the 4H1F CMC in distilled water
and salt solutions. The reduced viscosities of 7HOF and 9H4F CMC
differ by approximately ten dL/g. The higher the degree of
substitution, the greater the distribution of carboxymethyl groups
around the cellulose backbone. Therefore, the CMC with the higher
degree of substitution is more bulky and would be expected to have
higher viscosity. This is exactly what is seen in the data.
The existence of the aggregated CMC particles was further
studied using gel permeation chromatography. The use of this method
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did not only show their existence but also allowed an estimate as to
the size of the aggregates. The aggregated particles are not always
seen in the chromatograms, because they were trapped in the guard
filter of the column and not always entering the column. When some
of the aggregated particles did pass through the column, they usually
appeared as small peaks. On some of the chromatograms, only a
retention time is seen, no peak is visible. This method became more
difficult to do, due to the deteriation of the column and filter.
However, the data may still be analyzed to give an approximate size
for both the aggregated CMC particles and the single CMC chain, for
the 7HOF CMC.
From the calibration curve, in figure 12, the molecular weight
of the single chain and the aggregates may be determined. The
equation for the line was calculated, for a flow rate of 1 ml/min, by
a least square fit program and is as follows:
Mw = 1014-202
- 1698x
where x is retention time, in minutes. The single chain molecular
weight range, corresponding to retention times of 5.0 to 5.5 min, is
51.52 x 104to 7.295 x
104 daltons. The aggregates varied in size
corresponding to retention times of 2.3 to 3.5 min, is 1.979 x
1010 to
1.816 x 108 daltons, which indicates that the aggregates contain on
the order of 104 single chains.
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The light scattering measurements did not yield meaningful
results. The wavelength of the N4S laser is approximately 700 nm
and the approximate size of a CMC coil is 100 nm. The CMC size is at
the limit of detection for this instrument. The signal was variable
for these samples. The presence of the aggregates also made the
analysis more difficult. They appeared as dust particles in the
analysis. There was no consistency during a run between the three
methods of analysis. There was also no consistency between runs on
the same sample ( see tables 1 through 3 ). In some instances the
standard deviations were greater than the mean. According to the
N4S instrument manual [10 ], if the percent dust is greater than five
percent, the results should be viewed with caution. Some of the runs
indicated zero percent dust. In these runs the light scattering from
the aggregates causes a false size determination. The CMC solutions
are not concentrated enough to give reliable results at this limit of
detection and the presence of the aggregates further complicated the
analysis.
A model for the viscosity behavior of CMC in a salt solution
was developed by Dr. Andreas Langner [11]. In this model, all CMC
added to the saline solution is assumed to be contained in uniform
sized round particles with a CMC concentration />B and an initial
radius, R0 = rc.
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pure CMC, molar concentration
P B = NB/4/3 77 R03
This sphere gets solvated by water, species A, which has a molar
concentration at the surface of the CMC particles given by PA. This
concentration will depend on the ionic strength of the saline solution.
We can look at the solvation of CMC by water as being a chemical
reaction, denoted by
a A + B > C
where it takes a moles of water to solvate a CMC chain. C
represents the solvated chain. During the course of the solvation
process the particle appears as:
where an unsolvated core, B, with radius rc is surrounded by solvated
material, C, possessing a molar concentration PC of CMC. PC
must be less than P B since CMC has been effectively diluted by the
water of solvation. Consequently, the radius, R, of the particle
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increases. The relationship between r and R is developed as follows.
original particle NB = 4/377R3^B
inner core NB = 4/37rrc3 pB
solvated shell Nc = 4/3tt(R3 - rc3) PC
From stoichiometry, Nc = NB- NB, therefore,
(R3-rc3) PC = R03PB - rc3 pB.
If ? = PC/ PB, then R3 = R03 - (1 - ) rc3 / .
If = 1, then R3 = R03, where the particle neither expands nor
contracts.
If = 0.5, then R3 = 2R03 - rc3, where the particle expands from R0 to
3j2 R0 as rc goes to zero.
The interchange of the components A, B, and C is governed by the
kinetic relations:
- dNa/dt = - a dNB/dt - a dNc/dt
Taking the derivative of the equation for the inner core gives an
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expression for the rate of disappearance of NB:
-dNB/dt = -4 7rrc2drcPB
We now assume that the solvation reaction on the surface of the CMC
core at rc occurs a lot faster than the diffusion of water molecules
to the core, through the C - layer. This assumption should be valid,
particularly at the higher ionic strength, where the osmotic
imbalance creates a resistance to water diffusion into the particle.
The diffusion of water into the particle is given by Ficks Law:
1/4 77r2( - dNA/dt ) = De d fA/dr
where De is an effective diffusivity of water through C. At a given
core size, rc , the flux of water to the core is constant. Therefore,
<l
1/4 7T(-dNA/dt) / dr/r2 = De I 6 PA
'R JpA
1/4TT(-dNA/dt ) ( 1/rc - 1/R ) = De pA
where PA is the molar concentration of water at the surface of the
particle.
To solve for the change in core size with time, we make the
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substitution:
- dNA/dt = - a dNB/dt = - 4 77 r2 drc P B a
therefore, - I rc2 drc ( 1/rc - 1/R ) = De pA/apB I dt
\ Jo
Substituting { I R03 - ( 1 - ) rc3 }1/3 for 1/R and solving the
left - hand side of the above integral equation:
rc(1 - rc/R)drc = I rcdrc - j rc2(/R03- (1 - ?) rc3)1/3 drc
which simplifies to:
= R02/2 - rc2/2 - I ( ? / R03 - (1 - ? )rc3 )1/3 'c2 <*rc
To solve the second integral, the following substitutions can be
made:
let u = R03 - ( 1 - f )rc3
du = - 3 ( 1 - )rc2 drc
= 1/3/3(1 - f ) | u-1/3du
=
"3 /2(1 - f )[( ?R03
)2/3 - ( Ro3 " ( 1 - ? )rc3 )2/3l
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Finally the left - hand side of the equation is written as follows:
= R02/2(1 -f ) - rc2/2 - ^3/2(1 - )[R03 - (1 - f )rc3]2/3
Casting DePAV pB in terms of R instead of rc , using the following
substitution:
rc3 = R03 - R3/1 -
DepA\J pB = R02/2(1 -z\ ) -
1/2[R03 - R3/1 -]2/3- R2/2(1 -)
Further simplification of the above equation by letting / = R/R0
results in the following equation:
De pAVR02pB = (1 - /2)/2(1 -) - 1/2[1 - ^/3/1 -^]2/3
The right - hand side of the above equation represents the geometry
of the particle, the ratio of the solvated radius to the particle's
initial radius. The left - hand side is a dimensionless quantity which
includes the time, the diffusivity, and the ratio of solvent
concentration to original particle concentration. Therefore, for a
fixed geometry, if the diffusivity of water is small then the time
required for solvation will be long; conversely, the time required for
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solvation will be small when the diffusivity is large. The
introduction of salt into the solution will decrease PA and decrease
the diffusion rate. The competition between salt and water,
therefore, increases the time of solvation, of the CMC particle. If the
original concentration of CMC is high, denoted by PB, the longer it
takes for water to completely solvate the particle. If this is then
compounded by a high salt concentration, the diffusion rate is small,
and the time is even longer.
As yet, the disaggregation of the particle has not been discussed.
Since this requires the motion of solvated chains it may be assumed
that disaggregation does not occur to any appreciable extent until the
particle is completely solvated ( until time T is reached ). Consider
the equilibrium reaction, where C still represents the solvated
aggregate and D represents the solvated disaggregated particle.
C <> D
Using simple kinetics, the following is true:
-d[C]/dt = kf[C] - kr[D]
From stoichiometry the rate of disappearance of [ C ] can be written
in terms of [ C ] and [ C ]0 :
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- d[ C ]/dt = ( kf + kr )[ C ] - kr [ C ]0
Assuming equilibrium has been established, the concentration of C is
unchanged, then the concentration of C can simply be written as the
following:
[ C ] = kr [ C ]0/kf + kr
At any time t, the concentration of C may be expressed by the
following:
[ C ] = [ C ]0{ (kr/kf + kr) + kf/kf + kr(e"<k< + ^ )t) j
The above expression can be used to explain the disaggregation
problem. The number of solvated chains within a particle is
equivalent to the concentration expression for C, written above,
therefore, the expression for [ C ] can be set equal to Nc :
Nc(T+t) = Nc(T)[(kr/kf + kr) + kf/kf + kr(e-(k*+ kr)t)]
Recalling the expression for the number of solvated shells, Nc = 4/3
77 R3 PC; the radius of a particle is related to the cube root of Nc. At
large t, the last term disappears yielding the equilibrium radius,
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given by:
Req - RT(kr/kf + kr)1/3
Pulling together the solvation equation and the disaggregation
information, a model curve for the viscosity of CMC in solution is
obtained, which is illustrated in figure 20. The reduced viscosity
varies over time and can be explained by the following. The initial
rise in viscosity indicates a swelling of the CMC particle, with
solvent, to a maximum radius. This part of the curve was generated
from the solvation equation. Figure 20 has two curves, showing the
affect of CMC concentration on the shape of the curve. The latter
part of the curve represents the approach to the equilibrium
conditions, where the aggregates are decreasing in size as single
solvated chains dislodge from the aggregate. The decreasing
viscosity corresponds to the diminishing weight average molecular
weight of the CMC solution.
The time processes that were indicated earlier have to do with
the position on the curve in figure 20. The viscosity measured for
each solution may vary depending where, on the curve, the solution is
at the time of measurement. The above model explains the
importance of the solvation time on the observed viscosity. The
single CMC chain is solvated quickly in water and produces what
would be an equilibrium viscosity if all chains were completely
solvated, at the time of measurement. In a salt solution, the single
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CMC chain takes longer to solvate and the time of measurement of the
viscosity may take place earlier on the curve. A CMC solution
containing a large concentration of aggregates takes longer to reach
the equilibrium position on the curve, and appears to behave as a
plateau. Therefore, no variation in the viscosity measurements is
observed. This is the viscosity behavior that was observed, for the
CMC solutions.
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V. CONCLUSION
In summary, the conformation of carboxymethylcellulose in salt
solutions was examined, using light scattering, gel permeation
chromatography and viscometry. The presence of aggregates of CMC
chains was confirmed using viscometry and gel permeation
chromatography. The trends in the viscosity results can be
understood using a model for aggregate solvation and disaggregation.
From the viscosity data, the shape of the CMC chain in salt solutions
was estimated to be an ellipse. The shape of the chain continues to
distort as both the concentration of salt and CMC are increased, until
the high salt concentration forces the polymer to hydrogen bond to
itself and collapse in upon itself.
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APPENDIX A
PROPERTIES AND DESIGNATIONSOF CARBOXYMETHYLCELLULOSE
PROVIDED BY THE AQUALON COMPANY
VISCOSITY
Many viscosity types aremanufactured. The viscosity ranges
of some of these are listed in Table II. Others are available to
meet specific needs. Regular viscosity types with a DS of 0.7
meet most needs and are designated by the number 7, fol
lowed by the letter H (high), M (medium), or L (low). All
other types are designated by an additional number that,
when multiplied by a factor, gives the approximate upper
viscosity limit. The factor and applicable concentration
appear below.
Viscosity Type Factor Concentration, %
High
Medium
Low
1,000
100
10
1
2
2
Solutions of all CMC types display pseudoplastic behavior
(see page 1 5). Some types, particularly those of highermolec
ular weight and lower substitution, also show thixotropic
behavior in solution (see page 16). These thixotropic solu
tions will possess varying amounts of gel strength and are
used where suspension of solids is required. The S, 9, and 1 2
types produce solutions with little or no thixotropy, and are
used where smooth solutions without structure are required.
Specific properties are available in certain other types. For
example, the O type, 7HOF, provides the best solubility and
storage stability in acid media.
PARTICLE SIZE
Aqualon cellulose gum is available in several different par
ticle sizes to facilitate handling and use in processing opera
tions such as solution preparation and dry-blending. Screen
analysis is given here for three of the types. Others are
available.
Designation Description
None Regular
Particle Size<a>
C
On U.S. 30, %, max
On U.S. 40, %, max
Coarse On U.S. 20, %, max
Through U.S. 40,
%, max
Through U.S. 80,
%, max
Fine . On U.S. 60, %, max
Through U.S. 200,
%, min - .
1
5
1
55
5
0.5
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PRODUCT CODING
An example of the coding used for ordering Aqualon cel
lulose gum follows:
For cellulose gum Type 7H3SCF:
7 means that the typical degree of substitution is
approximately 0.7.
H means high viscosity.
3 means that the viscosity of a 1% solution is in the
range of 3,000 cps.
S means smooth solution characteristics.
C means coarse particle size.
F means food grade.
Aqualon can tailor the chemical and physical properties of
cellulose gum to meet special requirements. Users are en
couraged to discuss their needs with an Aqualon technical
representative, or to call the 800 number shown on the back
cover for product information.
GRADES
Aqualon cellulose gum is available in the three grades rovj.
lined below.
Grade
Desig
nation
F
Intended Use
Food Food, cosmetic,
pharmaceutical
Pharmaceu
tical
P '_. Cosmetic, pharmace*
". tical
Standard None Industrial
DEGREE OF SUBSTITUTION
Aqualon cellulose gum is produced with the following de
grees of substitution:
Type
4
7
9
12
Substitution
Range'8)
0.38-0.55
0.65-0.90<b>
0.80-0.95
1.15-1.45
Sodium Content, %
4.5-6.1
7.0-8.9
8.1-9.2
10.5-12.0 ..
i
-
-
(a'Ranges shown in this table are not necessarily current specifications.
(b'ln 7S types, the upper limit of substitution is 0.95.
'a'AII screens are U.S. Bureau of Standards sieve series. L.. .4
Higher degrees of substitution give improved compatibility
with other soluble components such as salts and nonsol-
vents. Generally, the number given in the product desig
nation is approximately 10 times the DS.
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APPENDIX B
ERROR CALCULATIONS FOR VISCOMETRY
The first value to be determined is the error involved in making
each solution. The tolerance for a 100 ml transfer pipet is 0.08 ml,
[9]. The tolerance for an analytical balance is assumed to be 0.0002g.
Therefore, the maximum error for a solution can be calculated using
the following:
Esoln = [( Avol/X)2 +( Awt.CMC/X)2 +( Awt.NaCl/X )2]1/2
The maximum error was 0.005468. Using this value the error in the
viscosities can be determined. Let us consider the error for the
Ostwald viscometer. The stopwatch error was determined by
averaging ten consecutive start and stops. The value was 0.231
seconds. The volume of the reservoir bulb contributes an error which
was determined to be 1.0914 ml. The error can be calculated using
the following:
E0Std. = [ ( Esoln )2 + ( At/X )2 + ( Avol/X )2\12
The maximum error was 0.05700. The relative error in the reduced
viscosity from a similar calculation is 0.06318, when the error in
the solvent viscosity is included. Therefore, the percent error is
calculated by:
% E = rel. error/X x 1 00
with a maximum error of 0.58 %, for the reduced viscosity
measured with the Ostwald viscometer.
The error in the reduced viscosity from the Brookfield
viscometer can be determined, using the solution error and the
largest standard deviation, the error is then:
W - [(Esoln)2 + ( <r/X)2]1'2
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The maximum error was 0.009844. The relative error for the
reduced viscosity from a similar calculation is 0.05285, when the
error in the solvent viscosity is included. The percent error
is
calculated by:
% E = rel. x 100
with a maximum error of 0.0042 %, for the reduced viscosity
measured with the Brookfield viscometer.
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